Exposure to airborne particulate matter has been linked to cardiovascular events. Whether this finding reflects an effect of particulate matter exposure on the triggering of events or development of atherosclerosis remains unknown. Using data from the Multi-Ethnic Study of Atherosclerosis collected at baseline (2000)(2001)(2002), the authors investigated associations of 20-year exposures to particulate matter with measures of subclinical disease (coronary calcium, common carotid intimal-medial thickness, and ankle-brachial index) in 5,172 US adults without clinical cardiovascular disease. Particulate matter exposures for the 20 years prior to assessment of subclinical disease were obtained from a space-time model of Environmental Protection Agency monitor data linked to residential history data for each participant. Intimal-medial thickness was weakly, positively associated with exposures to particulate matter <10 lm in aerodynamic diameter and <2.5 lm in aerodynamic diameter after controlling for age, sex, race/ethnicity, socioeconomic factors, diet, smoking, physical activity, blood lipids, diabetes, hypertension, and body mass index (1-4% increase per 21-lg/m 3 increase in particulate matter <10 lm in aerodynamic diameter or a 12.5-lg/m 3 increase in particulate matter <2.5 lm in aerodynamic diameter). No consistent associations with other measures of atherosclerosis were observed. There was no evidence of effect modification by sociodemographic factors, lipid status, smoking, diabetes, body mass index, or site. Results are compatible with some effect of particulate matter exposures on development of carotid atherosclerosis. atherosclerosis; cardiovascular diseases; carotid artery diseases; environmental exposure; particulate matter Abbreviations: ABI, ankle-brachial index; CIMT, common carotid intimal-medial thickness; MESA, Multi-Ethnic Study of Atherosclerosis; PM 2.5 , particulate matter <2.5 lm in aerodynamic diameter; PM 10 , particulate matter <10 lm in aerodynamic diameter.
Several studies have shown that exposure to airborne particulate matter <10 lm in aerodynamic diameter (PM 10 ) and particulate matter <2.5 lm in aerodynamic diameter (PM 2.5 ) is related to the occurrence of clinical cardiovascular events (1) . In time-series analyses, particulate matter exposures have been found to be associated with cardiovascular deaths (2) and hospital admissions for congestive heart failure, ischemic heart disease, and cerebrovascular disease (3) . Residing in areas with high levels of particulate matter has also been associated with greater cardiovascular disease incidence and mortality (4) (5) (6) (7) (8) . The biologic mechanisms responsible for these associations remain a subject of research.
One possibility is that exposure to particulate matter triggers cardiovascular events in persons with underlying atherosclerotic disease (9-11) through mechanisms involving effects of air pollution on arrhythmias, coagulation, or vascular resistance (12) (13) (14) (15) (16) . A second possibility is that longterm exposure to particulate matter causes the development of atherosclerosis. There are plausible biologic mechanisms through which such an effect could be mediated, including effects on systemic inflammation, blood pressure, and autonomic function (1, (17) (18) (19) . In addition, animal experiments have linked particulate matter exposures to atherosclerosis progression in small mammals with risk factors for atherosclerosis (20, 21) .
Studies that focus on the relation between particulate matter exposure and clinical events or deaths are unable to determine whether particulate matter exposure is related to only the triggering of acute events or to the development of atherosclerosis. Investigating the role of particulate matter exposures in the development of atherosclerosis requires studies that focus on measures of subclinical atherosclerotic disease. Because any effects of particulate matter exposure on the development of atherosclerosis are likely to accumulate slowly over very long periods, measures of long-term exposures are also required. However, only two studies to date are known to have directly assessed the relation between exposure to airborne particles (PM 2.5 ) and subclinical atherosclerotic disease in human population samples (22, 23) . Neither study had true long-term measures of exposure.
Using data from the Multi-Ethnic Study of Atherosclerosis (MESA), we investigated associations of 20-year exposures to particulate matter with several measures of subclinical disease in a large sample of healthy adults. The aims of the analyses were 1) to examine the relation between long-term (20-year) exposure to particulate matter (PM 10 and PM 2.5 ) and the prevalence of subclinical atherosclerotic disease measured by coronary artery calcification, carotid intimal-medial thickness, and ankle-brachial index (ABI); and 2) to determine whether any potential atherogenic effects of particulate matter exposure vary by characteristics that may make individuals more vulnerable to these effects, including age, sex, smoking, diabetes, blood lipid levels, education, and geographic location.
MATERIALS AND METHODS
MESA is a longitudinal study of subclinical atherosclerosis. Cohort members are 6,814 men and women aged 44-84 years who were free of clinical cardiovascular disease at baseline. Individuals were recruited from six field centers: Baltimore, Maryland (Johns Hopkins University); Chicago, Illinois (Northwestern University); Forsyth County, North Carolina (Wake Forest University); Los Angeles, California (University of California-Los Angeles); New York, New York (Columbia University); and St. Paul, Minnesota (University of Minnesota) (24) . The present analyses are based on data collected at the baseline visit (June 2000-August 2002).
Three measures of subclinical atherosclerosis (common carotid intimal-medial thickness (CIMT), coronary artery calcification, and ABI) previously shown to be related to incident cardiovascular events (25) (26) (27) were investigated. Each measures atherosclerosis in a different vascular bed (the coronary arteries, the carotids, and the peripheral arterial circulation, respectively). Images of the right and left common and internal carotid arteries were captured by using high-resolution B-mode ultrasound (28) . CIMT assessed as the mean of all available maximum wall thicknesses across the near and far walls of the left and right common carotids was used in analyses. Coronary calcium was assessed by chest computed tomography with a cardiac-gated electronbeam computed tomography scanner at three field centers or with a prospectively electrocardiogram-triggered scan acquisition at 50 percent of the R-R interval with multidetector scanners at the other three field centers (29) . Two scans were obtained for each participant, and the mean Agatston score (30) for the two scans was used in analyses. The presence of calcification was defined as an Agatston score of >0. We also examined logged Agatston score as a continuous variable in persons with nonzero calcification.
Measurements to calculate ABI were obtained by using a hand-held Doppler instrument with a 5-mHz probe. Systolic blood pressure measurements were obtained from bilateral brachial, dorsalis pedis, and posterior tibial arteries (31) . Brachial artery pressures were averaged to obtain the ABI denominator. When the two brachial artery pressures differed by 10 mmHg or more, the highest brachial artery pressure was used as the denominator. For each lower extremity, the ABI numerator used was the highest pressure (dorsalis pedis or posterior tibial) from that leg. Ratios were calculated separately for the left and right sides, and the minimum was used for analyses.
Long-term (20-year) exposure to particulate matter was estimated on the basis of a residential history reported retrospectively by each participant. Participants reported all addresses at which they lived since January 1982, including move dates. All addresses were geocoded, creating a file containing the residential location of each participant each month between August 1982 and the date of the baseline examination. The test-retest reliability of the 20-year PM 10 exposure measure was 0.95 in a subset of 505 participants who repeated the residential history questionnaire 1 year apart. Data on levels of air pollution from community monitors were obtained from the US Environmental Protection Agency's Aerometric Information Retrieval Service database. Monthly mean PM 10 and PM 2.5 measures were created for each monitor and month by averaging all available readings for a given month.
A spatio-temporal model was used to predict PM 10 (and subsequently PM 2.5 ) exposures for each participant-month based on the geographic location of each participant's residence each month (32) . The mean distance of participant residential addresses to the nearest PM 10 monitor for all addresses reported was 13.1 km (standard deviation, 33.0 km; median, 5.6 km; 25th-75th percentile, 3.0-11.4 km). Monthly PM 10 values for each monitor were modeled as a function of time and location effects. Time effects were modeled with trend, cyclic, and autoregressive components. Location effects were modeled by using thin-plate splines. We included temperature and airport visibility data obtained from the National Climatic Data Center and total suspended particle, nitrogen dioxide, ozone, carbon monoxide, and sulfur dioxide measures from the Environmental Protection Agency's network (all predicted for monitor locations and months by using a similar modeling approach) as well as population density and geographic region as covariates to improve predictions. The model was cross-validated as follows: For a random sample of Environmental Protection Agency monitors, we deleted one monitor at a time and then predicted PM 10 levels for that monitor by using the remaining monitors. We then computed the correlation between the predicted and the actual values across these monitors. The correlation coefficient was 0.86.
The spatio-temporal model was used to multiply impute exposure for each residential address and month. To impute PM 2.5 exposures, we used available data on colocated PM 2.5 and PM 10 measures to develop a similar spatio-temporal model for PM 2.5 /PM 10 ratios and then applied these ratios to predicted PM 10 data to obtain predicted PM 2.5 data for each location and month. A total of 40 imputations were performed. These multiply imputed data sets were combined in analyses by using methods that appropriately account for uncertainty in the imputations (33) . The imputed data were used to construct two measures of long-term exposure to PM 10 Using potentially imprecise residential history data linked to often-sparse particulate matter monitoring data to estimate long-term exposures could lead to important measurement error. Therefore, in sensitivity analyses, we investigated the long-term exposure measures exclusively on the basis of observed (as opposed to multiply imputed) PM 10 data by using exposures based on the monitor located closest to each participant for each month in the full sample as well as by restricting the analysis to persons who lived within 10 km of a monitor for the full 20 years of the study (68.8 percent of the sample). We also estimated associations between recently measured particulate matter exposures (in 2001, the midyear of the baseline examination) and subclinical disease measured at baseline. This procedure was performed to make our analyses directly comparable to prior work documenting associations of particulate matter exposure with CIMT (22) and because exposure levels for a given residential location are likely highly correlated over time; therefore, measures obtained in 2001 from the denser monitoring network may provide a better measure of long-term exposure than the imputed exposures based on historical monitoring data. Mean 2001 PM 10 and PM 2.5 exposure was estimated for each participant by averaging all available daily values collected at the monitor nearest his or her residential address at baseline. Median distances to these ''nearest'' monitors were 6.9 km for PM 10 and 4.4 km for PM 2.5 .
Confounders investigated included age, sex, race/ethnicity, socioeconomic factors, and cardiovascular risks factors (body mass index, hypertension, high density lipoprotein and low density lipoprotein cholesterol, smoking, diabetes, diet, and physical activity). Several variables were also investigated as effect modifiers: age, sex, and lipid levels, because they were found to modify the particulate matter-CIMT association in prior work (22); site, because particle composition may vary by geographic region (3, 34) ; education, race/ethnicity, diabetes, and body mass index, because some prior work suggested that vulnerability to particulate matter effects may differ by these characteristics (7, 10, 35, 36) ; and smoking (personal and passive), because exposure to tobacco smoke may limit the ability to detect the comparatively small effects of inhaled particulate matter from other sources.
Race/ethnicity was categorized as non-Hispanic White, non-Hispanic Black, Hispanic, and Chinese. Education was classified as complete high school degree or less (34 percent), some college but no degree (29 percent), and bachelor's degree or more (37 percent). Annual family income was collected in 13 categories and was transformed into per capita income by taking the midpoint of each category and dividing by family size. High density lipoprotein and low density lipoprotein cholesterol were assessed by using standard methods (24) . Use of lipid-lowering medications was assessed through questionnaire. Diabetes was defined as fasting glucose of !7.0 mmol/liter (!126 mg/dl) or use of hypoglycemic medication. Information on current and past smoking status, current exposure to passive smoking (at home or at work), and history of living with smokers over the 20-year period was assessed through questionnaires. Hypertension was defined as systolic blood pressure of >140 mmHg or diastolic blood pressure of !90 mmHg or taking antihypertensive medications. Physical activity and diet were assessed by using standard questionnaires and were summarized in indices (24, 37) . Area socioeconomic characteristics were assessed by using a summary index previously shown to be related to cardiovascular risk (38) .
Of the 6,814 MESA cohort members at baseline, 6,181 participated in the air pollution study and 5,871 provided information on all addresses reported since January 1982. Among these members, latitude/longitude coordinates in the United States for all addresses at which they had lived since January 1982 were available for 5,172. Final sample sizes were 5,172 for coronary calcium, 5,037 for CIMT, and 5,110 for ABI. Because of additional missing exposure data, analyses based on 2001 data were further restricted to 5,041 persons for calcium, 4,912 for CIMT, and 4,980 for ABI.
We initially examined the distribution of exposure measures by selected characteristics of the study sample. The form of the covariate-adjusted relation between exposures and the outcomes of interest was investigated by using generalized additive models (39) . Binomial regression (40) was used to estimate associations between exposure and the presence of calcification before and after adjustment for covariates. Linear regression was used to estimate associations of exposures with CIMT, ABI, and amount of calcium (among persons with nonzero calcification). CIMT and Agatston score were log transformed for these analyses. For ease of interpretation, all measures of association were estimated for a difference in particulate matter exposure equivalent to the differences between the 90th and the 10th percentiles in the full sample. Methods appropriate for imputed exposures were used in regression analyses (33) .
Heterogeneity of effects was examined through stratified analyses and by including appropriate interaction terms in regression models. Sensitivity analyses included 1) contrasting results based on observed and imputed long-term PM 10 exposures, 2) restricting observed PM 10 analyses to persons for whom all addresses were within 10 km of a monitor for the full 20-year period, and 3) comparing results from longterm exposure estimates with those obtained by using 2001 estimates and restricting the sample to persons who had lived at the same address for 20 years.
RESULTS
The mean age of the sample was 62 years, 47 percent were men, and 43 percent were White, 7 percent were Chinese, 30 percent were Black, and 20 percent were Hispanic. Analyses of the relation between particulate matter exposures and subclinical measures using generalized additive models did not yield clear evidence of threshold effects for any of the long-term exposures studied. Table 3 10 exposures were associated with higher ABI, indicating less subclinical disease among persons with greater exposure. Similar results were obtained when ABI 0.9 was modeled as a dichotomous outcome. Most particulate matter exposures were weakly and positively associated with the presence of coronary calcification (1-10 percent increase), but all confidence intervals included the null value. Additional adjustment for cardiovascular risk factors slightly increased associations of particulate matter exposures with CIMT, resulting in weak, but statistically significant positive associations of nearly all particulate matter exposures investigated with CIMT (1-4 percent increase in CIMT for a 21-lg/m 3 increase in PM 10 or a 12.5-lg/m 3 increase in PM 2.5 ). This slight increase resulted primarily from adjustment for body mass index and diet. Additional adjustment for area socioeconomic characteristics did not substantially modify results (not shown).
We found no clear evidence of systematic differences in associations of 20-year PM 10 or PM 2.5 with subclinical atherosclerosis by age, sex, lipid status, smoking status, diabetes status, body mass index, education, or study site (all p for interactions > 0.05) (table 4).
DISCUSSION
We found evidence of associations between long-term exposure to particulate matter over a 20-year period and subclinical atherosclerosis for only one of the three outcomes investigated. Higher particulate matter exposures were associated with slightly higher CIMT after adjustment for demographic and cardiovascular risk factors, but no consistent associations with other measures of subclinical atherosclerosis were observed. We found no evidence that long-term particulate matter exposure was more strongly associated with subclinical disease in subgroups previously hypothesized to be more vulnerable to these effects, including women, older persons, persons with hyperlipidemia or diabetics, obese persons, and persons whose educational levels were low. Important innovations of our study include the availability of a measure of 20-year exposure, the large population sample, and simultaneous investigation of multiple measures of atherosclerosis.
Evidence from animal experiments supports the notion that particulate matter exposure may accelerate progression of atherosclerotic lesions through mechanisms involving bone marrow stimulation, release of monocytes, altered vasomotor tone, and inflammation (20, 21, 41) . Hyperlipidemic rabbits exposed to PM 10 over 4 weeks experienced enhanced release of bone marrow macrophages and accelerated progression of atherosclerotic lesions. Among apolipoprotein E-/-mice, exposure to PM 2.5 was associated with altered vasomotor tone, vascular inflammation, and increased aortic atherosclerosis (21) . Other biologic mechanisms linking particulate matter exposure to the development of atherosclerosis over long periods include effects of air pollution exposures on blood pressure, autonomic function, and low density lipoprotein oxidation (1, (17) (18) (19) 42) . Kunzli et al. (22) investigated cross-sectional associations between CIMT and contemporaneously measured PM 2.5 exposure in a sample of 798 Los Angeles residents aged 40 years or older without clinical cardiovascular disease but with either elevated low density lipoprotein cholesterol or elevated homocysteine levels. Geostatistical methods were used to interpolate mean year 2000 PM 2.5 concentrations, and exposure was assigned to each subject on the basis of the postal code centroid for the home address. Each 10-lg/ m 3 increase in PM 2.5 was associated with a 4.4 percent increase in CIMT after adjustment for age, sex, education, and income. Associations appeared to be stronger among persons older than 60 years of age, women, persons using lipidlowering therapy, and never smokers.
Our results for mean annual PM 2.5 for 2001 adjusted for demographic and cardiovascular disease risk factors are consistent with those of Kunzli et al. (22) , in that a 12-lg/m which is equivalent to the effects of a 1-4-year increase in age (in fully adjusted models, each 1-year increase in age was associated with an approximately 1 percent increase in intimal-medial thickness). The cardiovascular risk factors examined did not appear to mediate any particulate matter effects on CIMT because associations became stronger, rather than weaker, when cardiovascular risk factors were added to the regression models.
There was no evidence that particulate matter exposures were associated with greater atherosclerosis when other measures of subclinical disease were used, except for a weak, but not statistically significant, association of 20-year 10 , particulate matter <10 lm in aerodynamic diameter; SES, socioeconomic status; PM 2.5 , particulate matter <2.5 lm in aerodynamic diameter.
y The difference between the 90th and the 10th percentiles corresponds to 21 lg/m 3 for all PM 10 exposures and 12.5 lg/m 3 for all PM 2.5 exposures (percentiles based on 20-year observed PM 10 and 20-year imputed PM 2.5 ). Sample size for 20-year exposures is 5,172 for CIMT, ABI, and calcium prevalence and 2,586 for amount of calcium in persons with calcium (3,557 for CIMT, ABI, and calcium prevalence and 1,859 for amount of calcium in the ''restricted'' sample). Sample size for 2001 exposures is 5,041 for CIMT, ABI, and calcium prevalence and 2,526 for amount of calcium in persons with calcium (2,149 for CIMT, ABI, and calcium prevalence and 1,222 for amount of calcium in the ''restricted'' sample).
z A relative difference of 1.05 indicates that CIMT increases by 5% when exposure increases from the 10th to the 90th percentile. § Includes income (as a continuous variable) and education (three categories). Race/ethnicity was classified as non-Hispanic White, nonHispanic Black, Chinese, and Hispanic.
{ Adjusted for age, sex, race/ethnicity, SES, hypertension (yes/no), body mass index, low density lipoprotein and high density lipoprotein cholesterol, smoking status (current, former, never), diabetes (normal, impaired, diabetes), physical activity (time engaged in light, moderate, and vigorous activities), and four dietary indices (37) .
# Restricted sample refers to persons for whom all addresses were within 10 km of a monitor for the exposure assessment period (N ¼ 3,557). ** Restricted sample refers to persons who reported living at the same address for the 20 years prior to the baseline examination (n ¼ 2,149). 10 , particulate matter <10 lm in aerodynamic diameter; PM 2.5 , particulate matter <2.5 lm in aerodynamic diameter.
y The difference between the 90th and the 10th percentiles corresponds to 21 lg/m 3 for PM 10 and 12.5 lg/m 3 for PM 2.5 . Estimates were adjusted for age, sex, race/ethnicity, income, education, and cardiovascular risks factors (except when one of these was the stratification variable, in which case all variables except the stratification variable were included in the models).
z Restricted to participants with CAC. § Refers to site at recruitment into the Multi-Ethnic Study of Atherosclerosis. { Based on American Diabetes Association criteria.
PM 10 exposure with coronary calcification. To our knowledge, only one prior study has investigated coronary calcium in relation to air pollution exposures: living closer to a major road was associated with coronary calcification in a population-based study of 4,424 persons. Similar to our results, associations of PM 2.5 exposures with calcification were weakly positive and not statistically significant (23) . In addition, we were unable to replicate the effect modification results for CIMT previously reported (22) . We found no evidence that associations of particulate matter exposures with subclinical disease were stronger or present in only women, older persons, hyperlipidemics, or never smokers.
Results also did not differ by diabetes status, body mass index, education, or study site. The mean levels and ranges of PM 2.5 exposure in our data were comparable (although slightly lower) to those observed in the Los Angeles sample, for which interactions with age, sex, and lipid status were reported (22) . All our measures of particulate matter exposure were based on ambient air monitors sited for regulatory purposes. Outdoor concentrations have been shown to be reasonable proxies for personal exposure to particles of outdoor origin (43, 44) . Ambient levels are also the subject of regulation and are therefore of interest from the point of view of policy. However, the measures obtained at these outdoor locations may be poor proxies for personal exposures, which are affected by time spent indoors and in cars, as well as by air exchange rates between indoor and outdoor locations. We assigned exposure based on the participant's residential address. This approach does not capture differences in exposure that may occur as a result of travel to work and other daily activities. However, 37 percent of study participants were not employed at the time of the survey (retired and not working, unemployed, or homemakers), and 75 percent of the participants reported spending at least 60 percent of their time either in their home or within 1 mile (1.609 km) of their home.
Our approach to exposure assignment-using monitor data linked to participants based on their residence-is similar to that used in other work that has documented associations of particulate matter exposures with cardiovascular outcomes (7, 22) . We improved on that work by incorporating historical exposures and imputing exposures based on a time-space model. We also conducted extensive sensitivity analyses in an attempt to assess the possible impact of some sources of measurement error on our results. These included working with only observed (as opposed to imputed) data, repeating analyses with PM 10 and PM 2.5 , restricting analyses to persons living within 10 km of a monitor for the full period over which exposure was assessed, and replicating analyses by using contemporaneously measured exposures from the denser monitor networks available in recent years. None of these sensitivity analyses resulted in substantially different results. Nevertheless, our approach may still be subject to important measurement error, limiting our ability to detect possibly small effects of particulate matter exposures on atherosclerosis development. Therefore, our null results for some outcomes do not rule out a possible effect of particulate matter exposures on subclinical atherosclerosis.
In summary, we found some evidence of associations between particulate matter exposure and CIMT, but associations with other measures of subclinical atherosclerosis were inconsistent. There was also no evidence that any associations were stronger or present in vulnerable groups only. Future work planned as part of the MESA cohort study will provide more precise measures of particulate matter and other pollutant exposures and will also allow direct examination of these exposures to changes in subclinical disease over time.
